This work describes as an attempt to improve the deposit properties of electroless Ni-Cu-P deposits by controlling the deposition condition and the composition of the plating solution. Tensile internal stress induced by hydrogen evolution during electroless Ni-Cu-P deposition was manipulated by controlling deposition conditions such as stirring and zincating. The stirring action releases the hydrogen-induced stress and improves adhesion of the deposit in the condition of once zincate pretreatment. It was also attempted to vary the concentration of reducing agents (NaH 2 PO 2 •H 2 O), buffering agents (NH 4 Cl), and complexing agents (Na 3 C 6 H 5 O 7 •2H 2 O) of the plating solution to improve the deposition rate, crystallinity and the composition uniformity of Ni-Cu-P deposits. The results show that a decrease in complexing agents results in steadier deposition of Ni and Cu elements and higher deposition rate. The electroless nickel coating has become an important alternative deposit in electronic packaging owing to its outstanding physical and chemical properties, amorphous structure, selective deposition and thermal stability.
The electroless nickel coating has become an important alternative deposit in electronic packaging owing to its outstanding physical and chemical properties, amorphous structure, selective deposition and thermal stability. 1 Recently, ternary electroless nickel-based alloy deposits have become attractive. The addition of a third element into a binary nickel-phosphorus deposit will improve its properties. Ni-Zn-P 2 was used to improve the corrosion resistance and adhesion in the automobile industry. Ni-Cr-P, Ni-Fe-P 3 and Ni-W-P 4 were found to exhibit a low temperature coefficient of resistance and can be applied as a metal film and thin-film resistor. Electroless Ni-Cu-P was first mentioned 3 in 1989. Afterward, additive agents of the plating solution were studied. 5, 6 The electroless Ni-Cu-P deposit has been found to have a possible application to very large scale integrated multilevel interconnection. 7, 8 The properties such as magnetism, 9 thermal stability, 10 corrosion resistance 11 and solderability 12 were aggressively investigated and found superior to those of the electroless Ni-P deposit. 13 Nevertheless, the deposition of electroless Ni-Cu-P deposit still encounters the difficulty of nonuniform composition in deposits, which is caused by the difference in redox potential between copper and nickel.
In contrast to modifying the chemical composition of an electrodeposited Ni-Cu-P deposit by modulating current density, 14 the present work attempted to improve the composition uniformity of electroless Ni-Cu-P deposits by controlling the compositions of the plating solution and the deposition condition, such as by the stirring and zincating process. The efficacy of the controlling process is described and discussed in terms of practical and theoretical viewpoints.
Experimental
The 99.5% purity Al substrate, 50 ϫ 25 ϫ 0.3 mm, was consecutively degreased in 5 wt % NaOH, deoxidized in 10 vol % HNO 3 , rinsed with deionized water, and zincated in a zincating solution composed of 3 mol/L NaOH, 0.25 mol/L ZnO, 0.01 mol/L NaNO 3 , and 0. A scanning electron microscope ͑SEM͒, a transmission electron microscope ͑TEM͒ and an X-ray diffractometer ͑XRD͒ with a Cu target and a Ni filter, operated at 30 kV and 20 mA, were applied for investigating the microstructure of electroless Ni-Cu-P deposits. The composition variation of nickel, copper, phosphorus, and hydrogen elements in the coatings were investigated by an energy dispersive spectrometer ͑EDS͒, a glow discharge spectrometer ͑GDS͒ and a secondary ion mass spectrometer ͑SIMS͒.
Results and Discussion
Stress of deposit.-Twice zincate pretreatment in an electroless Ni-Cu-P process has been examined successfully. 15 In this study, the zincating was conducted only once for investigating the influence of internal stress on the property of amorphous Ni-Cu-P deposits. 4 Cl. The specimens were deposited without ͑Fig. 1a͒ and with ͑Fig. 1b͒ stirring, respectively. The stirring action greatly improved the adhesion of the deposit. Additionally, cross-sectional investigation indicates that stirring did not result in difference in the structure of deposit ͑Fig. 1cR and 1cL͒. Thus, the chipping deposit observed in Fig. 1a is believed to have resulted from the large tensile internal stress due to the absence of stirring. 16 The thicknesses of specimens deposited with and without stirring are about the same order: 5.6-5.8 m.
The results of SIMS analyses show that the hydrogen concentration in the specimen deposited without stirring ͑Fig. 2a͒ was twice as that in the specimen deposited with stirring ͑Fig. 2b͒. This finding is in agreement with previous discovery. 16, 17 The occlusion of hydrogen is regarded as the major cause for inducing internal stress. The reason is discussed in the following.
The overall reaction of the electroless nickel deposition can be written as
Hydrogen is the gas product produced during electroless nickel deposition. It has also been proved that during electrodeposition of amorphous Fe-P alloys and electroless copper, 17, 19 liquid adjacent to the solid surface is full of supersaturated hydrogen. The hydrogen may get together to form hydrogen bubbles adhering to the surface and diffuse into metal, as well. The diffusion coefficient of hydrogen in the amorphous nickel-phosphorus coating was about 2.5 times that in the same coating after crystallization. 20 The bubbles that attached to the surface affected the deposition by physical blockage. The hydrogen which diffuses into the metal may affect the deposits property by hydrogen embrittlement and increased tensile internal stress. Hydrogen embrittlement in the coating of nickel base amorphous alloys was widely investigated. 21 The tensile internal stress enhancement in the amorphous coatings may also be ascribed to hydrogen occlusion in and desorption from the deposit. 17 Thus, hydrogen occlusion in and desorption from the deposit caused by diffusion during deposition is regarded as the cause that increases tensile internal stress.
Effect of plating solution constituents.-The property of the NiCu-P deposit can be manipulated by controlling the plating solution composition. 15 The solution contents have a definite effect on the bath performance. 22 AES sputter-etch elemental profiles of Ni-Cu-P deposited on Al substrate were investigated. 23 It deserves to be mentioned that, in Cu profiles, three different zones exist: a surface enrichment zone, a groove ͑a zone of reduced concentration͒, and a plateau ͑a zone of almost constant concentration͒. In order to increase the adhesion and uniformity of deposits, twice zincating and adequate stirring were utilized for the following studies. Figure 3 presents the phosphorus contents of Ni-Cu-P deposits obtained with respect to the concentration of NaH 2 PO 2 . It shows that an increase in NaH 2 PO 2 concentration of the solution resulted in a slight increase in P content of Ni-Cu-P deposits. On the other hand, Ni and Cu contents did not show a particular trend with regard to the concentration of the reducing agent. The results of X-ray diffraction analysis indicate that the deposits exhibited an amorphous structure when the concentration of NaH 2 PO 2 was 0.05 mol/L and above. Meanwhile, a GDS depth profile analysis, Fig. 4 , also indicates that the deposit contains more than 10% P throughout the deposit. It is seen that the Ni and P compositions decrease inward, while the Cu content increases inward and outward with a small surface enrichment zone similar to the results observed previously. 23 The variation trend in elemental composition is due to the drop of pH value of the plating solution, down to below pH 7 after 120 min of reaction. The pH value affects the chemical potential of bath constituents and thus the deposition reaction. The uniformity of elemental distribution is further manipulated in the experiment discussed below.
Ammonium chloride was added as a buffer agent for controlling the chemical potential of the bath constituents. It was seen that the deposition of Ni is generally enhanced by NH 4 Cl, yet the deposition of Cu is suppressed as seen in Fig. 5 . On the other hand, P content was not affected by the NH 4 Cl. It has been shown that Cl Ϫ species stabilizes Cuϩ ions in terms of CuCl. 24 Therefore, this variation trend in this study is believed to result from the reaction between Cu ϩϩ and Cl Ϫ , which tends to lower the chemical potential of free Cu ϩϩ and subsequently enhances the relative potential of Ni ϩϩ in the plating solution.
The complexing agent sodium citrate (Na 3 C 6 H 5 O 7 ) may strongly bind the metal ions in the deposition bath. It releases free metal ions according to the complexing reaction and the equilibrium constant. The results ͑Fig. 6͒ show that an increase in sodium citrate concentration of the plating solution results in a prominent lowering in Ni content and an increase in Cu content of Ni-Cu-P deposits, although the P content varies slightly from 12 to 13%. The result of the XRD analysis ͑Fig. 7͒ shows that the deposits obtained in the investigated sodium citrate concentration range are amorphous, apparently due to the high P content in the deposit. However, it seemed to start forming a crystalline structure at a level of 0.02 mol/L. The electron diffraction pattern of as-plated Ni-Cu-P when the sodium citrate concentration in the plating solution was 0.07 mol/L is also presented in Fig. 7 . An indistinct ring related to the ͑111͒ reflection of face centered cubic nickel indicates the amorphous structure of the deposit. No evidence for the other phase is seen.
The complexing effect of the sodium citrate is also reflected by its effect on the deposition rate. A lowering in the sodium citrate concentration from 0.11 to 0.04 mol/L accelerates the deposition rate of the Ni-Cu-P deposit from 5.6 to 14.3 m/h. The speedy deposition rate seems to enhance occlusion of hydrogen and cause a high stress to the deposit; consequently, it resulted in a straight crack, as observed in Fig. 8 , when the sodium citrate concentration in the plating solution was 0.04 mol/L. It was found that an optimum in sodium citrate concentration, 0.07 mol/L, results in uniform deposition of the elements across the deposit in addition to the existence of an obvious surface enrichment zone 23 as seen in Fig. 9 . Figure 9 clearly shows that the constituent elemental profiles can remain at a constant level, compared to Fig. 4 , throughout the deposit by manipulating the sodium citrate concentration.
Conclusion
Tensile internal stress of Ni-Cu-P deposits is induced by hydrogen codeposition, which can be reduced by adequate stirring. Lowering in bath contents of the reducing agent (NaH 2 PO 2 •H 2 O) and the buffering agent (NH 4 Cl) does not affect the composition and uniformity of Ni-Cu-P deposit, while it reduces the deposition rate. A lowering in the complexing agent (Na 3 C 6 H 5 O 7 •2H 2 O) concentration in the deposition bath improves the crystallinity, the composition uniformity of Ni-Cu-P deposit, and the deposition rate. The optimum plating solution, which produces amorphous Ni-Cu-P deposit with uniform composition, consists of 0.057 mol/L NiSO 4 
